Considerations Regarding the Optically Transparent Rigid Model for PIV Investigations. A Case Study. Part1: Model Manufacturing  by Nascutiu, Lucian et al.
1876-6102 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee EENVIRO 2015
doi: 10.1016/j.egypro.2015.12.262 
 Energy Procedia  85 (2016)  358 – 365 
ScienceDirect
Sustainable Solutions for Energy and Environment, EENVIRO - YRC 2015, 18-20 November 
2015, Bucharest, Romania 
Considerations regarding the optically transparent rigid model for 
PIV investigations. A case study. Part1: Model manufacturing 
Lucian Nascutiua, Corina Giurgeaa*, Mihai Damiana, Florin Bodea,  
Octavian Budiub, Octavian Andercouc 
aTechnical University of Cluj-Napoca, Cluj-Napoca, Romania 
bMunicipal Hospital, Carei 445100, Romania 
cIuliu Hatieganu University of Medicine and Pharmacy, Second Surgery Clinic, Cluj-Napoca 400337, Romania  
Abstract 
The optically transparent model is one of the key components of an experimental set-up dedicated to PIV investigations of 
internal flows. The accuracy of the PIV results is strongly dependent on the quality of the images captured during the 
investigation. A prerequisite condition in order to assure the appropriate quality of the PIV images is that of avoiding scattered 
light, diminishing reflections and refractions of the light. These disturbing phenomena occur especially at the interface between 
the curved walls and the working fluid. In order to avoid them, the material of the model and the working fluid should comply 
with the Refractive Index Matching (RIM) condition. This means that they should have, as much as possible, similar or very 
close values to the refractive indices. Despite the fact that a lot of possible pairs of material-working fluid complying with the 
RIM condition are presented in literature, the choice is difficult with regard to the possibility of using them effectively in the 
experimental set-up. Health and safety, the risk of corrosion, availability, technology limitations and fabrication costs should be 
taken into account. The paper presents the technology the authors designed and used to fabricate rigid transparent models made 
of Poly(methyl methacrylate) (PMMA). The most important steps followed are briefly described, as well as several tests they 
conducted in order to assess which testing fluid would be more appropriate for their investigation. 
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1. Introduction 
The manufacturing of the optically transparent model for PIV measurements is far from being trivial, especially 
in the case of investigating internal flows. The accuracy and precision of PIV measurements is highly affected by 
the quality of the captured images which in its turn depends on several conditions that should be accomplished by 
the model and the fluid. Thus, besides complying with the conditions imposed by ensuring geometrical similitude, 
the experimental models for internal flows must comply with two specific conditions: the material of which the 
model is made must be highly transparent and have a refraction index that matches as close as possible to that of the 
working fluid. One can find in literature examples or lists of solid transparent materials and liquids that have 
appropriate refraction indices [1]. Also, some authors even provide recipes for pairing transparent fluids and solids 
with similar refractive indices [2]. However, achieving refractive-index-matching is difficult, because of limitations 
imposed by the manufacturing technologies, especially when flow configurations with complex surfaces must be 
designed. In search of solutions to this problem, in recent years a technique has undergone a tremendous 
development, namely the Refractive Index Matching (RIM) [2].  
A careful Refractive Index Matching procedure can be the key to achieving reliable results with the PIV 
technique. The use of solid materials and working fluids that comply with RIM conditions is a solution which avoids 
light scattering, diminishes reflection and distortion of the laser sheet that always occurs at the interface between the 
curved solid surfaces and the fluid. All these impediments eventually degrade the quality of PIV images and hence 
the results of PIV analysis. 
Complying with RIM condition is particularly important when studying wall shear flows. In cardiovascular 
engineering applications, the assessment of the flow along a curved or vaulted wall, that is the common geometry of 
the flow passages in this field, is of special interest. Mapping the velocity field near the vessel walls allows the 
evaluation of the Wall Shear Stress (WSS), whose magnitude and variation provide indications for estimating 
potential for occurrence or development of several cardiovascular diseases.  
By far, a major interest for studying flows through bifurcations or other complex geometries is specific to the 
bioengineering domain. This could be an explanation for the fact that most of the references to transparent model 
fabrications can be found in papers presenting results of research conducted in biomechanics or bioengineering. In 
[3, 4] one can find references to studies in which using different materials and technologies for the models’ 
construction as well as different working fluids, the authors succeeded more or less in complying with the RIM 
conditions. All these manufacturing methods were developed to address the challenges for the RIM condition but all 
of them still have significant technical and practical shortcomings. 
In the present paper the authors will refer to their experience in designing and construction of models that include 
flow passages relevant for a particular biofluid mechanics application. This concerns a bifurcation of channels with 
circular cross sections and axis-symmetry plane, namely a femoral artery bypass graft. However, the problem and the 
aspects discussed here might be encountered in the fabrication of models appropriate for PIV investigations of flows 
through bifurcation associated to other scientific and industrial fields, such as: flow accelerated corrosion in pipes in 
power plants or water supply [5], porous media [6], or wherever the flow bifurcations plays a crucial role [7].  
The Poly(methyl methacrylate) (PMMA) is one of the materials that can be found on all the lists containing 
material candidates for constructing optically transparent models that comply with the RIM technique. It is 
interesting with respect to several optical, mechanical and thermal properties, to its availability and ease of working 
with respect to conditions imposed by PIV investigations. The means and expertise of cutting in PMMA are 
available in house at the Technical University of Cluj-Napoca (UTCN). In search of a method that would enable the 
rapid fabrication of more new models with different geometries, given all the above statements, the authors of this 
paper chose to develop a technology to fabricate their models in PMMA blocks in accordance to the safety, 
economically and availability constraints.  
The present paper will consider aspects regarding the steps followed during the construction of the bifurcation’s 
model made in PMMA as well as images that were captured in preliminary tests conducted to assess which working 
fluid would be more appropriate with respect to RIM condition.  
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2. Construction of the model 
2.1. Establishing the flow passage geometry and creating the digital model 
The manufacturing of the model dedicated to our particular application is a complex process as can be seen in the 
flow chart presented in Figure 1.  
The first step in construction of such a model is that of establishing the flow passage geometry. The way the authors 
translated from medical imaging data to the idealized geometry of the model is not a concern of this paper. The 
whole procedure and calculus is presented in detail in [8]. For the sake of completeness and clarity of the hereby 
paper as well, as for an appropriate assessment of the effort supposed by such a demarche some information will be 
synthetically presented below.  
 
Fig. 1 Model fabrication process flow chart 
The input information for the construction of the bypass assembly model was the morphometric data that came 
out from the postoperative EcoDoppler and AngioMRI investigations of a real patient that underwent an end to side 
femoral artery bypass. The ends of the prosthesis were sutured to the native artery circling like a spiral (resembling 
an S shape). In medical terms the connections between the prosthesis and the artery are called anastomoses. The 
distal anastomosis corresponds to the zone where the prosthesis joins the native artery after they had bifurcated at 
the proximal anastomosis. Both the prosthesis and the native artery can be modelled as tubes or pipes with circular 
cross section. Thus, in engineering terms, the distal anastomosis can be assimilated to a junction of two tubes/pipes 
and the proximal anastomosis to their bifurcation.  
To create a model with an idealized geometry, that is, a model in which both artery and prosthesis are 
axisymmetric and their branching/reattaching plane is considered in the symmetry plane of the model, the 3D 
configuration of the bypass had to be reduced to a 2D geometry. The angles and length of the projections on the 
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symmetry plane of all the out of plane curvature were calculated based on the data measured on the DICOM images 
provided by a General Electric 1 Tesla Angio MRI.  
The authors established the geometry of the complete bypass. Both the prosthesis and the artery were considered 
as being tubular and having the same inner diameter of 8 mm. The artery was modelled in the shape of a straight 
tube with a length of 455 mm considered between the bifurcation and junction sections. The angles between the 
tubes were considered to be 39.3° in the bifurcation and 23.3° in the junction. The tube modelling the prosthesis 
arms follow the profile of Bezier curves.  
To ensure the stability of the flow in the entry section and the optical access to the distal artery outlet, two supplementary 
segments were added at the entrance of the proximal anastomosis and at the outlet of the distal anastomosis. 
A digital model of the bypass was created using CAD packages SolidWorks and Catia V5R20. Due to the 
manufacturing technology, the complete bypass 2D established geometry was divided in three parts as presented in 
Error! Reference source not found.a. Two of them corresponding to the proximal anastomoses (bifurcation) and 
distal (junction) anastomoses where used in manufacturing the optically transparent models of the anastomoses like 
depicted in Error! Reference source not found. b.  
The models will be in fact two prismatic blocks encapsulating the junction respectively the bifurcation of the 
circular cross section channels in conformity with the 2D geometry established geometry. 
a)    b)  
Fig. 2. The model encapsulating the 2D idealized geometry of the complete bypass (a) and the two blocks resulting by its division; they 
encapsulate the bifurcation and the junction of the channels (b) 
2.2. Manufacturing procedure 
By reason of its optical, mechanical and thermal properties as well as exceptionally good machining, the casted 
GS-0F00 (233) Plexiglas (the trademark for PMMA of Evonik Degussa Industries [9]) was the material the authors 
chose for constructing the model. Four blocks of casted GS-0F00 (233) each of them having the dimensions of 
220x100x40 mm were used to manufacture the two models. The most important mechanical, thermal and optical 
properties of this Plexiglas, could be found in Table 1 [10].  
                                    Table 1 Thermal and optical properties of the Plexiglas   
Properties for the PMMA GS-0F00   
Transmittance τD65 92 % 
Reflection loss the visible range (for each surface) 4 % 
Total energy transmittance 86 % 
Refractive index nD20 1.491 - 
Emissivity 0.86 - 
Coefficient of linear thermal expansion α for 0–50 °C 0.07 mm/m°C 
Possible expansion due to heat and moisture 5 mm/m 
Max. permanent service temperature 80 °C 
The fabrication technology proposed by the authors implies that each block of PMMA is cut in two parts through 
a separation surface, each resulting part being manufactured individually. The separation surface is offset from the 
symmetry plane of the bifurcation/junction.  
362   Lucian Nascutiu et al. /  Energy Procedia  85 (2016)  358 – 365 
The precision machining of the two parts of each model (active and guiding surfaces) was done on an in house 
Deckel Maho DMC 63 V universal milling machine with 3 axes by using a clamping holder that enables the tilting 
of the workpiece relative to the axis of the mill that turns with 10000 rpm. (see Figure 3a) 
The surfaces obtained by milling were subsequently grinded, polished and degreased with dedicated professional 
products. These operations were delicate enough because of both channels’ configuration and small diameters. The 
inner surfaces of these channels were then coated with the aim to obtain a crust that should prevent the leaking of 
the adhesive that used for the subsequent bonding. The protective crust should be easily pulled out at the end of the 
bonding process.  
The connection between the two parts of each model was made through adhesive bonding by use of a specialized 
chemical bonding agent, a so-called polymerizing glue that in case of our model was the 1-Component 
Polymerization Adhesive Acrifix@ 1R 0192 [11]. After applying the suitable quantity of Acrifix on the contact 
surfaces of the two parts of the model, the joined parts are secured in the jaws of an electromechanical testing 
system INSTRON 3310, available in house (see Figure 3b). This system is used to test a wide range of materials in 
tension or compression by controlling a compressive load less than 10KN. The joined parts of the model were 
pressed together under exposure to the UV light furnished by a fluorescent lamp. The exposure to UV light is 
compulsory for providing an optimal curing of Acrifix.    
The adhesive bonding is one of the most critical steps in the fabrication process. This is due to the difficulty of 
ensuring a uniform distribution of the adhesive over a relatively large surface. The Acrifix should be applied very 
carefully in order to avoid the formation of bubbles or „islands” with trapped air. Either defect might cause the 
separation surface (bonded area) to quickly become opaque. They also might result in additional reflections or 
scattered light when the model is exposed to the laser, thus degrading the PIV images quality. The imperfections 
could be also considered as flatness deviations which are able to induce PIV measurement errors. 
After removing the adhesive that has leaked in the channels and pulling out the protective crust, a manual 
polishing of the inner surface of the channels was undertaken. This operation was necessary in order to ensure a high 
quality surface finish, a smooth surface without imperfections that might result to flow disturbances. The last step of 
the fabrication technology was the machining of the exterior surfaces respectively of that where the fittings will be 
inserted in order to obtain the “crystal clear” model shown in Figure 4a. 
The manufacturing lead time for one model was of almost 60 h depending on the geometry complexity. This time 
included also the time necessary to translate, together with the surgeon, from medical image data to the idealized 
geometry of the model. The fabrication cost for one model was of almost 1000 Euros, which was less than any other 
offer we had received.  
The two models consisting of the idealized geometry bifurcation (the proximal anastomosis) and the idealised 
geometry junction (the distal anastomosis) form together an assembly named the complete bypass model with 
idealized geometry or the by-pass assembly (see Figure 4b). The bypass assembly was then connected by Tygon 
tubing in the flow circuit of the experimental set-up in order to be tested with respect to its suitability for the 
assessment of the velocity field associated to the steady flow through the bypass by means of the PIV method. The 
results can be found in [12]. 
 a).    b).  
Fig. 3. Images from the fabrication of the model a) milling the hemi-channels in each part of the model b) bonding the two joint parts of each 
model by pressing them under exposure to UV light for an optimal curing  of the adhesive 
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a).    b).  
Fig. 4. The crystal clear model of the distal anastomosis at the end of the fabrication process (a) and as part of the complete bypass model, 
interconnected in the flow circuit of the experimental set-up for PIV investigations (b) 
3. Testing the model for Refractive Index Matching 
The testing of the model for the RIM condition was realized by filling the fabricated model with glycerol 
solutions of different concentrations. The glycerol solutions were chosen because the mixture of glycerol and water 
is the fluid traditionally used as blood analogue in applications in this field. We tested a lot of samples from the 
mixture prepared with different concentrations by volume or by weight. For each sample the refractive index at 
room temperature (T=19.6°C) was measured with a Digital Laboratory Refractometer (model 300034 Sper 
Scientific Limited). In order to assess the degree of fulfillment with RIM condition, a rectangular grid was placed 
beneath the model and picture of the less or more distorted grid lines were taken under ambient light conditions by 
using the PIV camera (Powerview 17 CCD camera with 4MP resolution). An evolution in quality of the images can 
be noticed from Fig. 5 a to f. The most accurate images were acquired as we expected when the concentration of 
glycerol was highest (Glycerol to Water 63:37 by volume, n=1.425). 
  
a. Air, 
n=1.0002 
b. Glycerol to water solution (67 : 33 by volume) 
 n = 1.419 
  
c. Glycerol to water solution (50 : 50 by weight) 
n = 1.388 
d. Glycerol to water solution (40 : 60 by volume) 
 n = 1.391  
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e. Glycerol to water solution (67 : 33 by weight) 
n = 1.422 
f. Glycerol to water solution (63 : 37 by volume) 
 n = 1.425  
Fig. 5. Couple of images captured in experimental conditions for various working fluid candidates 
It should be mentioned that the refractive index of pure glycerol at room temperature was n=1.47. The fact that 
the fluid which in pair with the PMMA model offers the less degraded quality image has a viscosity higher than that 
of blood and thus would not be appropriate as blood analogue was not considered in this step because a 
hydrodynamic as well as geometrical similarity had been taken into account by the authors. 
4. Conclusion 
The authors designed a technology for the fabrication of the transparent rigid models consisting of idealized 
bifurcations and having a high degree of transparency, which are suitable for PIV investigations. By using this 
technology, the authors managed to manufacture, in a short time and with low consumption of material resources, 
two models that encapsulated a bifurcation respectively a junction of channels with circular cross section. Even if 
the two models were built for a specific application, the technology proposed by the authors could be used to 
fabricate models for PIV investigation of flows associated to various fields with a condition: the complex geometry 
flow passages should have or be reduced to an axisymmetric geometry. Several images captured during preliminary 
tests with the PMMA model filled with samples from a mixture of glycerol to water in different concentrations are 
presented in the paper. They are supportive for the idea that higher concentration in glycerol results to refractive 
index of the mixture closer to that of the PMMA and eventually in better quality images.  
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